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Active and biodegradable packaging
Nanocapsules
a-Tocopherol
Antioxidant propertiesa b s t r a c t
Biodegradable and antioxidant ﬁlms based on methylcellulose (MC) and a-tocopherol nanocapsule sus-
pension (NCs) were developed. MC and NCs ﬁlms were prepared by a casting method in three different
proportions. The mechanical, wettability, colour, light transmission, antioxidant and release characteris-
tics of the ﬁlms were studied. The addition of NCs to MC ﬁlms decreased the tensile strength (TS) and the
elastic modulus (EM) (p < 0.05) but increased the percentage elongation at break (%E) and thickness
(p < 0.05). NCs ﬁlms showed a higher hydrophobicity when compared to that of ﬁlm control. Lightness
and yellowish color were intensiﬁed in the NCs ﬁlms which, in their turn, demonstrated high antioxidant
activity and excellent barrier properties against UV and visible light. A burst and prolonged release of
a-tocopherol to food simulant was also reported.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Most traditional packaging materials are nowadays produced
from fossil fuels and are practically non-degradable, a condition
that increases environmental pollution. The exploration of new
bio-based packaging materials, such as edible and biodegradable
ﬁlms from renewable resources, would to some extent solve the
waste problem (Sorrentino, Gorrasi, & Vittoria, 2007; Sozer &
Kokini, 2009).
Edible polymer ﬁlms comprise polysaccharides, lipids, proteins
or a blend of these macromolecules. Cellulose, composed of linear
chains of (1–4), is one of the most abundant and renewable poly-
saccharides on earth (Miller & Krochta, 1997; Tharanathan,
2002). Cellulose-based edible ﬁlms, such as methylcellulose, are
highly efﬁcient barriers against oxygen and aroma compounds.
Methylcellulose (MC) has excellent ﬁlm making characteristics
with high solubility and low oxygen and lipid permeability
(Debeaufort & Voilley, 1997).
Active packaging has been one of the most innovative develop-
ments in food packaging during the last decades. Active packaging
provides extension of food shelf-life and the maintenance or evenimprovement of their quality due to its interaction with food and/
or environment (Dainelli, Gontard, Spyropoulos, Zondervan-van
den Beukend, & Tobbacke, 2008; Suppakul, Miltz, Sonneveld, &
Bigger, 2003). It is mandatory that bioactive packaging materials
maintain bioactive compounds, such as prebiotics, probiotics,
encapsulated vitamins or bioavailable ﬂavonoids, in the best condi-
tions until they are released into the food product in a controllable
manner (Sozer & Kokini, 2009).
The lipid oxidation of oils, fats and foods containing unsatu-
rated lipids may be avoided by antioxidants which are widely used
as food additives to prolong shelf-life and to prevent the formation
of off-ﬂavors and undesirable food textures. Antioxidants may also
be incorporated into plastic ﬁlms for polymer stabilization to pro-
tect them from degradation and to control the oxidation of food
stuffs. Further, antioxidant release must be sufﬁciently abundant
to ensure efﬁcient antioxidant protection (Manzanarez-Lopez,
Soto-Valdez, Auras, & Peralta, 2011; Sozer & Kokini, 2009;
Vermeiren, Devlieghere, van Beest, de Kruijf, & Debevere, 1999).
In spite of the above, the use of synthetic antioxidants in food
has been questioned due to their possible toxic effects (Eitenmiller
& Lee, 2004, chap. 3; Vermeiren et al., 1999). Natural and harmless
antioxidants are therefore highly desirable. The integration of
a-tocopherol (a-TP) or vitamin E to polymer ﬁlm has recently been
suggested because of its antioxidant effects. a-Tocopherol is a li-
pid-soluble antioxidant which has been used as a food additive
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(Sozer & Kokini, 2009; Vermeiren et al., 1999).
Consequently, nanotechnology may be an asset to generate new
food packaging. The addition of active nanoparticles into polymer
matrices brings a twofold advantage, or rather, the performance
improvement of food packaging material and the provision of an
additional antimicrobial, antioxidant, radical-scavenger function
(Sekhon, 2010). Bioactive compounds encapsulated into the pack-
aging itself are a promising approach because they trigger the con-
trol release of active compounds to reduce oxidation (Sozer &
Kokini, 2009). Polymeric nanoparticles may be produced with
polymers, including carrageenan, chitosan, gelatin, polylactic acid,
polyglycolic acid, alginate and poly e-caprolactone (PCL). The liter-
ature describes PCL as a hydrophobic, semi-crystalline, non-toxic,
biodegradable and biocompatible polyester that has been used to
release encapsulated drugs (Sozer & Kokini, 2009; Woodruff &
Hutmacher, 2010).
There has recently been an increasing interest in tocopherol
encapsulation owing to its lability to heat, light and oxygen.
Moreover, the encapsulated tocopherol allows a controlled release
and a better solubility in hydrophilic matrices of the lipophilic
compound (Khayata, Abdelwahed, Chehna, Charcosset, & Fessi,
2012; Sabliov et al., 2009; Yoo, Song, Chang, & Lee, 2006).
The current study develops biodegradable ﬁlms of methylcellu-
lose incorporated with a-tocopherol nanocapsules as an antioxi-
dant for active packaging applications. The effect of nanocapsule
addition in MC-based ﬁlms on mechanical, physical and optical
properties was analyzed and the antioxidant activity and antioxi-
dant release in food simulant were also evaluated.2. Materials and methods
2.1. Materials
a-Tocopherol (98% pure HPLC grade), poly e-caprolactone (PCL,
MW 70.000–90.000) and methylcellulose (MC) were purchased
from Sigma–Aldrich (St. Louis, MO, USA). Soybean lecithin with
70% phosphatidylcholine (LIPOID S 75) was supplied by Lipoid
(Ludwigshafen, Germany), 8 lm pore-size ﬁlter paper was ob-
tained from J-Prolab (São José dos Pinhais, Brazil) and Poloxamer
(Pluronic F68) was kindly donated by BASF Chemical Company
(USA). With the exception of HPLC grade methanol (Sigma–Aldrich,
St. Louis, MO, USA) used in the analysis, all other chemical reagents
and solvents were analytically graded and used as received.2.2. Methods
2.2.1. Preparation of PCL nanocapsule suspensions containing
a-tocopherol
The PCL nanocapsule suspensions containing a-tocopherol were
prepared by the nanoprecipitation method described by Fessi,
Puisieux, Devissaguet, Ammoury, and Benita (1989) and formula-
tion was stated in a previous study (Noronha et al., 2013). First,
70 mg of PCL were dissolved in 2.0 mL of acetone at 50 C in an
ultrasonic bath. Then, 10.0 mL of a solution containing 2.5 mg/mL
of lecithin in acetone and ethanol (60:40, v/v) were added to the
original solution. The resulting solution was mixed with 200 mg
a-tocopherol. The organic phase was poured into an aqueous phase
(25.0 mL) with 1% (w/v) hydrophilic surfactant (Pluronic F68), un-
der moderate magnetic stirring, at 25 C. The aqueous phase imme-
diately turned milky with a bluish opalescence as a result of
nanocapsule formation in suspension. The organic solvents were
then eliminated by evaporation and the ﬁnal volume was adjusted
to 20.0 mL. Nanocapsule suspensions were then ﬁltered through an
8-lm-pore ﬁlter paper.2.2.2. Film preparation
Film-forming solutions were prepared by dissolving MC (2.25%,
w/w) in distilled water, whereas NCs was incorporated to obtain ﬁ-
nal concentrations of 30%, 50% and 70% (w/w) in the ﬁlm-forming
solution, at 25 C, with a magnet stirrer. Pure MC (ﬁlm control) and
NCs ﬁlms were prepared by casting polymer solutions and pouring
10 mL on the lids of petri dishes. Films were then left in a dark
room, on a leveled surface, at 25 C, until completely dried. The
dried ﬁlms were removed manually with a spatula and stored in
a desiccator for further analysis.
2.2.3. Film thickness
The ﬁlm thickness was measured with digital micrometer
(Digimess, 110.284, São Paulo, Brazil). Five measurements were ta-
ken at different locations of each ﬁlm sample and the mean values
were used to calculate the mechanical properties.
2.2.4. Mechanical properties
The tensile strength (TS), percentage elongation at break (%E)
and elastic modulus (EM), or Young’s modulus, were measured
according to standard method ASTM D882-95a, with a Stable
Micro System TA.XT plus, equipped with a 50 kgf static load cell.
Initial grip separation and crosshead speed were performed at
5 cm and 25 mmmin1, respectively. Film samples were cut in a
rectangular shape (5  2.5 cm) and all ﬁlm strips were equilibrated
for one week to 70% RH in a desiccator using saturated NaCl solu-
tion at 25 C, prior to measurements. The mechanical properties
were analyzed as a function of nanocapsule concentrations in each
ﬁlm. TS and EM were expressed in MPa, and %E in percentage (%).
Values are the mean of replicated ten measurements for each ﬁlm
sample.
2.2.5. Wettability and surface free energy
This property of ﬁlms was performed by static contact angle
measurements carried out by the sessile drop method with a con-
tact angle meter Data Physics OCA 15EC (Filderstadt, Germany). A
small drop of two different standard liquids, deionized water
(cT = 75.8 mN/m, cd = 22.8 mN/m, cp = 53.0 mN/m) and diiodo-
methane (cT = 50.7 mN/m, cd = 50.42 mN/m, cp = 0.38 mN/m), was
placed on the ﬁlm surface by a motor-driven syringe, at 25 C.
The contact angle may be deﬁned as the angle between the ﬁlm
surface and the tangent line at the point of contact of the water
droplet with the surface. At least ﬁve measurements were carried
out for each ﬁlm type and the average was taken. Surface free en-
ergy and its components (polar and dispersive) were calculated by
the Owens–Wendt method (Eqs. (1) and (2))
cTS ¼ cdS þ cPS ð1Þ








: ð2Þ2.2.6. Color measurement
Film color was determined with a Minolta colorimeter (CR 400;
Minolta, Japan), according to Hunter and CIE scale. Color values L*-
(luminosity), a*(red-green) and b*(yellow-blue) were obtained with
three measurements around the ﬁlm samples and a white color
plate was used as standard for calibration and background. Total
color difference (DEab) was calculated by control ﬁlm (MC) as
standard, with the following equation:
DEab ¼ ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2
h i1=2
ð3Þ
where Da = astandard  asample, Db = bstandard  bsample and
DL = Lstandard  Lsample.
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Transparency was measured with a UV–visible spectrophotom-
eter HITACHI, U-1800 (Tokyo, Japan), according to method by Tang,
Jiang, Wen, and Yang (2005). Wavelengths 210 nm and 500 nm
were selected to determine the percentages of light transmission
in the barrier properties of MC ﬁlm against ultraviolet (UV) and
visible light. Control was the empty quartz spectrophotometer cell.
Measurements were repeated three times for each ﬁlm type.
2.2.8. Microscope observations
Scanning electron microscopy (SEM) analysis was performed
with JEOL JSM-6390LV microscope (Tokyo, Japan). Film pieces
were mounted on copper stubs using a double-sided tape and then
coated with a layer of gold, allowing for surface and cross-section
visualization. For cross-section observations, ﬁlms were cryofrac-
tured by immersion of samples in liquid nitrogen. All samples were
examined with 10 kV accelerating voltage.
2.2.9. Determination of antioxidant activity
2.2.9.1. DPPH assay. The radical scavenging activity of MC and NCs
ﬁlms was determined with DPPH (2,2-diphenyl-1-picrylhydrazyl)
free radical, according to method by Byun, Kim, and Whiteside
(2010), with slight modiﬁcations. Approximately 100 mg of ﬁlm
samples were cut into small pieces and vortexed with 5 mL ethanol
for 3 min. The mixture was left to stand for 3 h, at 25 C, and then
vigorously vortexed for another 3 min. One aliquot (100 lL) of the
diluted ethanol solution (1/10) was mixed with 2.9 mL of 0.1 mM
DPPH in ethanol. The mixture was vigorously stirred and kept in
the dark at room temperature for 30 min. Absorbance was mea-
sured at 515 nm using a UV–visible spectrophotometer HITACHI,
U-1800 (Tokyo, Japan). All experiments were carried out in tripli-
cate and the antioxidant capacity of ﬁlm was expressed in % DPPH
radical scavenging activity/2 mg of ﬁlm. DPPH radical scavenging
activity was calculated by the following equation:
Scavenging activityð%Þ ¼ ½ðAbsblank
 AbssampleÞ=Absblank=100 ð4Þ
where Absblank is the absorbance of control and Abssample is the
absorbance of sample.
2.2.9.2. ABTS assay. The 2,2-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid (ABTSþ ) radical scavenging capacity of MC and NCs
ﬁlms samples was determined, following Re et al. (1999). ABTS
radical was produced by reacting the stock solution 7 mM ABTS
with 2.45 mM potassium persulfate, and kept in the darkness, at
room temperature, for 12–16 h before use. The stock solution
was adjusted with ethanol (96) to obtain an absorbance of
0.70 ± 0.03 at 734 nm. One diluted aliquot (1/10) of the ethanol
solution (60 lL) containing 100 mg of ﬁlm samples was stirred
with 294 lL of the solution containing ABTSþ radical. Absorbance
was measured with an UV–visible spectrophotometer HITACHI,
U-1800 (Tokyo, Japan) at 734 nm, after 7 min. Trolox was the stan-
dard (15 lM = 0.13209 g/500 mL). A standard curve was obtained
by using Trolox standard solution at concentrations between 75
and 1050 lM. All measurements were performed in triplicate
and the antioxidant capacity of ﬁlm was expressed in terms of
lmol TEAC (Trolox equivalent)/g.
2.2.10. Release tests
The assay conditions of NCs ﬁlms migration complied with the
2007/19/EC Directive (European Communities, 2007). Since in the
current study a-TP is an antioxidant with hydrophobic characteris-
tics, the simulant D (ethanol 95%) was used to mimic the fatty food-
stuffs. According to 93/8/EEC Directive (European Communities,
1993), the applied time/temperature combination to simulatestorage at ambient temperature for unlimited duration was 20 C
for 10 days. Film samples (2  3 cm) were pre-weighed and placed
in separate 30 mL amber glass vials and completed with ethanol
95%. The vials were hermetically sealed with open-top cap, and ali-
quots of 20 lLwere directly injected into anHPLC (Shimadzu Liquid
Chromatographer, Tokyo, Japan) to measure the migration of a-TP
for each day. Release test was performed at least in duplicate. Re-
lease graphswere expressed asa-TP concentration released at a par-
ticular time and as the ratio of a-TP release at a particular time and
in equilibrium (Mt/M1).
2.2.10.1. High performance liquid chromatographic analysis. The re-
leased antioxidants were measured during 10 days by direct injec-
tion of simulant alone into the HPLC column. The HPLC equipment
was a Shimadzu Liquid Chromatographer (Tokyo, Japan) equipped
with a CBM-20A system controller, an LC-20AT pump system, an
SPD-M20A photodiode array detector, a CTO-20A oven, and an
SIL-20A auto sampler. The analysis was carried out with Shim-pack
CLC-ODS(M) column (250  4.6 mm, I.D., 5 lm particle size) Shi-
madzu (Kyoto, Japan), protected by a guard cartridge system,
Shim-pack CLC G-ODS (4) (12.5  4.6 mm, 5 lm particle size) Shi-
madzu (Tokyo, Japan). The quantitative measurement of a-tocoph-
erol contents was done at k = 292 nm with a mobile phase of
methanol:water (99:1) (v/v) at a ﬂow rate of 1.0 mL min1. The
analytical column was kept at 50 C and the injection volume
was 50 lL. Data were stored and processed by a Workstation LC
solution (Tokyo, Japan).
The linearity of the determination method was measured by
injecting standard solution of different concentrations. Injections
were done in triplicate at each concentration. The calibration
curves of peak area versus a-tocopherol concentration was linear
at the concentration range of 0.2–1.0 mg/mL, whereas the correla-
tion coefﬁcient R2 was 0.9998.
2.2.11. Statistical analysis
Statistical analysis was carried out with ANOVA Statistica 6.0
(StatSoft Inc). Data were given as mean ± standard deviation for
each treatment and Duncan’s multiple range tests determined
the signiﬁcant differences at p < 0.05 level.3. Results and discussion
3.1. Film thickness
The thickness values varied between 39.00 ± 1.84 and
60.87 ± 4.91 lm, as shown in Table 1. Signiﬁcant differences
(p < 0.05) were observed by comparing ﬁlm control (MC pure) with
ﬁlms containing NCs at all proportions. Film thickness increases
when the proportion of NCs in ﬁlm composition also increases. A
high percentage of NCs in the ﬁlm produced a ﬁlm with the highest
thickness (70% NCs). Furthermore, small standard errors indicated
good ﬁlm homogeneity. The thickness of edible ﬁlms is considered
an important parameter because it inﬂuences the biological prop-
erties and the shelf-life of coated food (Akhtar et al., 2012). The
nature of the ﬁlm-forming polymer and additives content affected
ﬁlm thickness by their interactions with the polymer matrix
(Salmieri & Lacroix, 2006; Sebti, Chollet, Degraeve, Noel, & Peyrol,
2007). Park and Zhao (2004) also observed that the ﬁlm thickness
increased with an increased amount of mineral or vitamin E added
into chitosan-based ﬁlms.
3.2. Mechanical properties
Table 1 shows the values of elastic modulus (EM), tensile
strength (TS) and percent elongation at break (%E) for different
Table 1
Thickness, elastic modulus, tensile strength and % elongation at break of methylcellulose ﬁlms incorporated with NCs.
Film types Thickness (lm) EM (MPa) TS (MPa) %E
MC control 39.00 ± 1.84b 1193.36 ± 158.22d 57.82 ± 7.17c 17.91 ± 1.78c
30% NCs 46.46 ± 6.26a 818.05 ± 51.94c 30.67 ± 2.26a 13.13 ± 3.58b
50% NCs 51.66 ± 7.30a 508.02 ± 48.49b 29.52 ± 3.53a 26.82 ± 4.98a
70% NCs 60.87 ± 4.91c 387.29 ± 45.52a 23.19 ± 1.44b 30.03 ± 1.94a
Values are given as mean ± standard deviation. Different letters in the same column indicate signiﬁcantly different (p < 0.05) when analyzed by Duncan’s NewMultiple Range
Test.
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surement of maximum strength of a ﬁlm to withstand applied ten-
sile stress (Park and Zhao (2004)). TS values signiﬁcantly decreased
from 57.82 ± 7.17 (ﬁlm control) to 23.19 ± 1.44 MPa when NCs per-
centage was high (70% NCs) (p < 0.05), corroborated by other
authors. Whereas Martins, Cerqueira, and Vicente (2012) noted
that a-tocopherol incorporation signiﬁcantly decreased TS of
chitosan ﬁlms (p < 0.05), Norajit, Kim, and Ryu (2010) observed
that the incorporation of ginseng extracts in alginate ﬁlms caused
a signiﬁcant reduction in tensile strength when compared to ﬁlm
control. Jongjareonrak, Benjakul, Visessanguan, and Tanaka
(2008) also suggested a signiﬁcantly TS decrease on ﬁsh skin gela-
tin ﬁlms incorporated with a-tocopherol. EM signiﬁcantly de-
creased with the addition of NCs when compared to that of
control ﬁlms (p < 0.05). The control ﬁlm presented the highest
EM (1193.36 ± 158.22 MPa) while the 70% NCs ﬁlm displayed
387.29 ± 45.52 MPa, according to Norajit et al. (2010), who found
a similar behavior in their study. Elongation at break is a measure
of the ﬁlm stretch ability prior to breakage (Altiok, Altiok, &
Tihminlioglu, 2010). Signiﬁcant changes (p < 0.05) were reported
in %E with NCs incorporation in MC ﬁlms when compared to con-
trol ﬁlm. Increase in %E values indicated that NCs incorporations
provided a higher ﬂexibility on MC ﬁlms. Although the highest
value was obtained for 70% NCs ﬁlm (30.03 ± 1.94%), the %E of
30% NCs ﬁlm (13.13 ± 3.58%) was less than that of MC ﬁlm control
(17.91 ± 1.78%). Siripatrawan and Harte (2010) also reported an in-
crease of %E by incorporating green tea extract in chitosan-based
ﬁlms. In current study, the incorporation of NCs to MC ﬁlm signif-
icantly affected (p < 0.05) the ﬁlms´ mechanical resistance and
extensibility. These results suggested that the addition of hydro-
phobic substances modiﬁed their interactions with ﬁlm-forming
agents. A homogeneous dispersion of hydrophobic NCs into poly-
meric network of MC would increase the spacing between macro-
molecule chains which would reduce ionic and hydrogen bonding
between the chains and induce the development of structural
discontinuities in the ﬁlms (Salmieri & Lacroix, 2006; Sánchez-
González, Vargas, González-Martínez, Chiralt, & Cháfer, 2009).
Moreover, the surfactants contained in the NCs might exert a
plasticizer action and increase polymer mobility (Rodríguez,
Osés, Ziani, & Maté, 2006).
3.3. Wettability and surface free energy
Contact angle (h), as a basic wetting property, indicated the
degree of surface hydrophobicity or hydrophilicity. According to
Table 2, the addition of NCs increased signiﬁcantly (p < 0.05) the
water contact angle and showed that surface hydrophilicity of
MC ﬁlm was greatly modiﬁed by NCs. Consequently, ﬁlms became
more hydrophobic due to the hydrophobic nature of PCL that con-
stituted the nanocapsule wall. Similar changes on contact angle
were also reported by Ojagh, Rezaei, Razavi, and Hosseini (2010)
and by Moradi et al. (2012) for chitosan ﬁlms incorporated with
essential oils. In current work, as the proportion of NCs increased,
the water contact angle also increased signiﬁcantly (p < 0.05).
However, the water contact angle value of 70% NCs ﬁlm decreased
when compared to NCs ﬁlms. The latter might be due tosurfactants contained in NCs. The opposite occurred with the apo-
lar liquid diiodomethane. Diiodomethane´s contact angle decreased
signiﬁcantly (p < 0.05) when NCs proportion increased. The highest
total surface free energy was observed for the 70% NCs ﬁlm. The
increase of NCs proportion also increased the dispersive and the
polar component, which may be due to the polar and apolar func-
tional groups in NCs (Rotta et al., 2009).
3.4. Color measurement
The ﬁlms’ color parameters (L*, a*, b* color values) and total col-
or difference (DEab) are shown in Table 3. The incorporation of NCs
on MC-based ﬁlms signiﬁcantly (p < 0.05) increased L* (lightness/
darkness) and indicated an increase of ﬁlm lightness. NCs ﬁlms
showed a greenness by a signiﬁcant decrease (p < 0.05) of a* values
when compared to that of ﬁlm control. However, no signiﬁcant dif-
ference was observed between the 50% NCs and 70% NCs ﬁlms for
this parameter. Intensiﬁcation of yellowness could be noted by b*
values, with a signiﬁcant increase (p < 0.05) from 2.03 ± 0.11 (ﬁlm
control) to 4.49 ± 0.14 (70% NCs ﬁlm). The signiﬁcant increase of
DEab rates (p < 0.05) indicated total color change of ﬁlms on the
addition of NCs, leading to more colored ﬁlms. According to Moradi
et al. (2012), the addition of various compounds that were struc-
turally bound to the ﬁlm-forming solutions could change the na-
tive color of the edible ﬁlms.
3.5. Light transmission
Table 3 shows the results of MC ﬁlms with and without NCs.
The addition of NCs improved the ﬁlm barrier to UV and visible
light. In the visible region (500 nm) the transmittance of MC ﬁlms
decreased signiﬁcantly (p < 0.05) when the NCs proportion in-
creased. In fact, 70% NCs ﬁlm featured the lowest transmittance
rate (6.77 ± 0.06%). In current study, light transmission levels in
the visible light were much lower than those found in previous as-
says (Jongjareonrak et al., 2008; Martins et al., 2012; Norajit et al.,
2010) and indicated that NCs incorporation provided an excellent
barrier against visible light. In the UV region (210 nm), the addition
of NCs decreased signiﬁcantly (p < 0.05) the rate of transmittance
when compared to that of ﬁlm control, although no variation oc-
curred between ﬁlms containing NCs. These results suggested that
the incorporation of NCs in MC ﬁlms provided an excellent barrier
against UV light and might potentially retard UV light-induced
lipid oxidation in the food system, as well as the antioxidant effects
of a-tocopherol.
3.6. Scanning electron microscopy
SEM micrographs (Fig. 1) evidenced that the morphologies of
the ﬁlms were inﬂuenced by NCs addition. As shown in Fig. 1a,
the cross-sections of MC control ﬁlm were smooth and compact,
while NCs ﬁlms (Fig. 1c, e and g) exhibited a high degree of poros-
ity evenly distributed throughout the ﬁlm. The surface of MC con-
trol ﬁlm (Fig. 1b) looked more homogeneous than NCs ﬁlms
(Fig. 1d, f and h) which exhibited a rougher surface and several un-
equal holes. According to Xiong, Tang, Tang, and Zou (2008), the
Table 2
Contact angle () and surface free energy (c) of MC ﬁlms incorporated with NCs to two different liquids.
Film types Contact angle () Owens–Wendt
Water Diiodomethane cT (mN/m) cp (mN/m) cd (mN/m)
MC control 67.08 ± 1.66a 54.90 ± 1.03d 43.15 11.65 31.50
30% NCs 96.75 ± 1.85d 43.75 ± 0.88c 37.91 0.24 37.68
50% NCs 91.20 ± 1.20c 34.88 ± 1.55b 42.65 0.56 42.09
70% NCs 75.60 ± 1.25b 29.88 ± 0.63a 48.33 4.06 44.27
cT: total surface free energy; cp: surface free energy (polar); and cd: surface free energy (dispersive). Values are given as mean ± standard deviation. Different letters indicate
signiﬁcantly different (p < 0.05) when analyzed by Duncan’s New Multiple Range Test.
Table 3
Color values and transparency of MC ﬁlms and incorporated with NCs.
Film types Color values Transmittance (%)
L* a* b* DEab 500 nm 210 nm
MC 97.25 ± 0.11b 0.16 ± 0.01c 2.03 ± 0.11a N/A 61.70 ± 2.45d 35.47 ± 1.51b
30% NCs 97.77 ± 0.13a 0.16 + 0.00b 2.81 ± 0.08b 1.19 ± 0.26a 30.53 ± 1.17c 0.80 ± 0.00a
50% NCs 97.61 ± 0.12a 0.50 ± 0.02a 4.20 ± 0.05c 5.59 ± 0.51b 20.33 ± 1.94b 0.83 ± 0.06a
70% NCs 97.58 ± 0.02a 0.51 ± 0.04a 4.49 ± 0.14d 6.84 ± 0.32c 6.77 ± 0.06a 0.73 ± 0.06a
L*: luminosity; a*: red-green; b*: yellow-blue; and DEab: color difference. Values are given as mean ± standard deviation. Different letters indicate signiﬁcantly different





Fig. 1. SEM micrographs of (a) ﬁlm control cross-section; (b) ﬁlm control surface; (c) 30% NCs ﬁlm cross-section; (d) 30% NCs ﬁlm surface; (e) 50% NCs ﬁlm cross-section; (f)
50% NCs ﬁlm surface; (g) 70% NCs ﬁlm cross-section; and (h) 70% NCs ﬁlm surface. Magniﬁcation is indicated in the micrographs.
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a compact and smooth ultrastructure. Results suggested that the
incorporation of NCs decreased the miscibility and compatibility
of MC ﬁlms while producing a more porous and less compact
structure.
3.7. Antioxidant activity
Fig. 2 shows the antioxidant activity of MC ﬁlms with and with-
out incorporated NCs, determined by DPPH and ABTS radical scav-
enging activity methods. In the case of the two assays, ﬁlm control
had no radical scavenging activity. Results showed that DPPH scav-
enging activity of the ﬁlms signiﬁcantly increased (p < 0.05) as NCs
concentration increased (Fig. 2a). They could be conﬁrmed by ABTS
radical scavenging activity assay, which revealed a similar
behavior of ﬁlms with NCs addition (Fig. 2b). In fact, 70% NCs ﬁlm
exhibited higher radical scavenging activity (DPPH – 56.21%, ABTS –
223.5 TEAC lMol/g). According to Moradi et al. (2012), the degree
of antioxidant power of edible ﬁlms is generally proportional to the
amount of added antioxidant additives. Recent studies revealed
strong scavenging activity by adding antioxidants to bioﬁlms. Byun
et al. (2010) and Martins et al. (2012) registered radical scavenging
activity rates 90.43% and 97.71%, respectively, by the addition of
a-tocopherol in 100 mg of ﬁlm. In current study, the ﬁlms´ ethanol
extract was diluted 10 times. Since the results were expressed in
2 mg of ﬁlm, they indicated that NCs ﬁlms presented a powerful
scavenging activity, higher than that found by previous reports.
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Fig. 2. (a) DPPH scavenging activity (%) of MC ﬁlm control and incorporated with
NCs; (b) ABTS radical scavenging activity of MC ﬁlm control and incorporated with
NCs. Values are given as mean ± standard deviation. Different letters indicate
signiﬁcant difference (p < 0.05) by Duncan’s New Multiple Range Test.
Fig. 3. (a) a-Tocopherol concentration release rate into 95% ethanol, at 20 C and
(b) a-tocopherol release rate (Mt/M1) into 95% ethanol, at 20 C.in ﬁsh skin gelatin incorporated with BHT and a-tocopherol caused
by the interactions of hydrogen bonding between antioxidants and
gelatin ﬁlm matrix. Since in current assay the a-tocopherol was
encapsulated, the afﬁnity of hydrophobic NCs and MC ﬁlm matrix
was not strong enough and could affect the high a-tocopherol rate
extracted by ethanol. According to the literature, natural plant ex-
tracts and essential oils, such as ginseng, green tea, beetroot juice
and purple carrot, thyme, oregano, savory and cinnamon, have
been successfully employed in bioﬁlms because of their antioxi-
dant ability (Akhtar et al., 2012; Altiok et al., 2010; Norajit et al.,
2010; Salmieri & Lacroix, 2006; Siripatrawan & Harte, 2010).
3.8. Release tests
Fig. 3 displays the release proﬁles of a-TP from NCs ﬁlms to food
simulant. The 95% ethanol is recommended by the European Com-
mission as simulant for fats, oil and fatty foods owing to its similar
hydrophobicity. The a-TP amount was quantiﬁed in an HPLC by
aliquots at 20 C, during 10 days. As a result, the release rate of the
a-TP increased with the increase of the NCs percentage in the ﬁlms.
The release proﬁles of all NCs ﬁlms exhibited an initial burst effect
which occurred within 1 h, followed by a sustained release over
10 days, with a typical Fick’s curve (Fig. 3a). Fig. 3b shows diffusion
graphs expressed as the ratio of a-TP release in a particular time
and at equilibrium (Mt/M1), according to Fick’s second law. The
behavior was similar for the three ﬁlm types, which was character-
ized by the rapid release of a-TP into simulant at approximately
C.M. Noronha et al. / Food Chemistry 159 (2014) 529–535 535the same velocity. Recent study of a-TP release from poly(lactic
acid) ﬁlms demonstrated a similar behavior for a-TP diffusion at
23 C with 95% ethanol as simulant. It may be concluded that eth-
anol acted as an aggressive solvent. It might penetrate PLA chains
and promote a-TP diffusion (Manzanarez-Lopez et al., 2011). Dif-
ferent results were reported by Siró et al. (2006) who found that
a-TP complexation by beta-cyclodextrin was an effective tool to
control the release of a-TP from polyethylene ﬁlm. In current
study, a control release of a-TP into food simulant was expected
since it was encapsulated. However, a-TP was promptly released
because the hydrophobic NCs and a-TP had a higher afﬁnity with
the solvent than MC hydrophilic matrix.
4. Conclusion
The current investigation shows that a-tocopherol NCs may be
successfully incorporated into biodegradable methylcellulose ﬁlms
since it is a promising biopolymer for active food packaging. In fact,
the addition of NCs inﬂuenced the mechanical, wettability and col-
or properties and improved the MC ﬁlms’ elasticity and hydropho-
bicity. Actually, the ﬁlms presented a potential antioxidant ability
by the incorporation of NCs. Moreover, their concentration in-
crease promoted an excellent barrier against UV and visible light,
which was highly useful to protect foods from photooxidation. Fur-
ther, a-TP was rapidly released to food simulant although the con-
centration was maintained constant. Therefore, these ﬁlms may be
an advantageous alternative for food preservation and shelf-life
extension since they prevent the lipid oxidation of fatty foodstuffs.
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